We report about the X-ray powder diffraction characterization of crystalline materials used to produce genuine and counterfeit banknotes, performed with a single-crystal diffractometer that permits fast and nondestructive measurements in different 0.5-mm sized areas; 20-euro denomination genuine banknotes were analyzed, and results were compared with counterfeit banknotes. The analysis shows that the papers used to print real banknotes are composed, as expected, of cotton-based cellulose and titanium dioxide as crystalline additive, but different polymorphs of TiO 2 for different emission countries are evidenced. The counterfeit banknotes are composed of cellulose based on wood pulp; moreover, an unexpected significant quantity of TiO 2 was found to be mixed with calcite, indicating that the paper employed by forgers is not simply a common low-cost type. The crystalline index and intensity ratios between the peaks attributable to cellulose and fillers can provide additional information to trace back paper suppliers for forensic purposes.
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The counterfeiting of currency is a widespread phenomenon with negative repercussion both on governments and on consumers. From the European Central Bank (ECB) data (1), in the first half of 2014, a total of 331,000 counterfeit euro banknotes were withdrawn, corresponding to about 15 millions of euro. However, due to the "iceberg factor," most likely the actual amount of counterfeited money in circulation is much higher. Moreover, advances in offset printing and reproduction technologies enable the improvement of the quality level of fakes and "high-quality" counterfeit currency notes have been seized in multiple jurisdictions throughout the world.
For this reason, the European real banknotes incorporate an increasing number of high-tech security features, such as holograms and areas with UV or IR light responses, latent images, magnetic strips, and watermarks that use advanced technology to make counterfeiting more difficult and can be employed in identification of authenticity at consumers' level.
On the other hand, at high levels of investigation, information about differentiation of raw materials utilized by forgers could be useful to trace back raw suppliers and counterfeit source and hence banknotes' chemical profile can be of great interest for criminal investigations.
In forensic science and in the specific field of banknote counterfeiting or questioned documents, different analytical techniques are employed (2) . Chemical fingerprinting or more specific ink analysis is frequently suggested as a tool for discrimination and identification of the samples for forensic purposes, using RAMAN (3-10), IR (11) (12) (13) (14) , Mossbauer (15) , X-ray fluorescence spectroscopy (11, 15, 16) , and mass spectrometry (including electrospray ionization, secondary ion mass spectrometry, laser-based methods, and ambient ionization methods) (10, (17) (18) (19) (20) (21) (22) . In particular, some articles report about analysis of paper sheet samples for cultural heritage conservation or for forensic purposes performed with different analytical methods (IR [23] [24] [25] and UV-vis-NIR spectroscopy [26] , mass spectrometry [27] [28] [29] , energy-dispersive X-ray analysis [30, 31] , X-ray diffraction [23, 32] , light transmission images [33] , and scanning electron microscopy [34] ).
To the best of our knowledge, an investigation on paper composition and further crystalline materials of counterfeit banknotes has not been performed yet. In this paper, we report about the use of X-ray powder diffraction technique (XRPD) focusing on the characterization of paper and crystalline materials added as filler with the aim to improve the chemical composition knowledge suitable for forensic purpose, to complement the information obtained by other methods, and enhance their evidential value. Moreover, due to the fact that to our knowledge no XRPD analysis was carried out on real banknotes until now, first of all, twenty-one real 20-euro banknotes of the first series were analyzed.
Among the testing techniques for forensic purposes, X-ray diffraction is an attractive method for crystalline and semicrystalline materials' characterization, especially because it allows to perform nondestructive analyses and also because it easily identifies different polymorphs of the same crystalline and semicrystalline material. However, the "traditional" XRPD diffractometers, that generally use point detectors, require grinding of samples to respect the casual orientation of crystals and obtain a good reproducibility of the measurements. Instead, new generation of diffractometers, that are equipped with the fastest CCD detectors, permit collecting reproducible patterns also with oriented or not grinded samples, because they allow to calculate peak intensities integrating over all the diffracted circles. This is particularly interesting for nondestructive analysis of a thin layer of paper, as it was demonstrated that Cellulose I, the main component of the paper, loses its crystallinity if grinded (32) . Furthermore, up-to-date instruments dedicated to single-crystal X-ray diffraction, characterized by high sensitivity of CCD detectors and intense high-focalized X-ray beams, permit good-quality collections of powder diffraction patterns also with a very small quantity of materials, such as a small area of a paper sheet; the data collection is very fast and keeps the samples intact, and this is particularly interesting to analyze real and fake banknotes.
In this work, the 20-euro banknotes were considered because they are the most counterfeited ones, representing about 50% of all counterfeit banknotes seized in European Union (1). Different areas of 0.5 mm of the banknotes were analyzed with XRPD technique, and results were compared with the same areas of sixteen counterfeit banknotes, supplied by the Italian Scientific Police.
Materials and Methods

Samples
The twenty-one 20-euro real banknotes analyzed in this work were circulating banknotes produced by the majority of European countries and obtained from automated teller machines. In Table 1 , their serial numbers printed in the back side are reported, allowing the identification of the emission country, and the printer code in the front side that identifies the printer country.
The counterfeit banknotes were a random sample of sixteen banknotes of 20-euro denomination, provided by the Italian Scientific Police. All were high-quality counterfeit notes, that is the distinguishing features of genuine ones (watermark, hologram, and metallic strip observable through the note when held up to the light) are included, and colors, typical texture, and paper sound are very well reproduced. They show three different simulated emission countries: two have initial letter of serial number R (Luxemburg), two T (Ireland), and twelve S (Italy). Due to the investigation procedure, we do not report here the serial numbers, but samples are indicated as C-LUn (n = 1-2), C-IRn (n = 1-2), and C-ITn (n = 1-12), respectively.
X-ray Diffraction Methods
Each banknote was folded many times, leaving free at the top an area of 0.5 mm for the measurement; the folded note was inserted into a metallic ring, which was fixed to a little cylinder inserted into the goniometer head (Fig. 1) . 
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XRPD patterns were collected at room temperature on an Oxford Diffraction Gemini R Ultra diffractometer (35) , with mirror-monochromatized Cu-Ka radiation (50 kV, 40 mA, k=1.5418 A) (36) . Each pattern was collected four times and the results merged, to increase accuracy. Maximum resolution was 1.4 A, exposure time was 30 sec, and CrysAlisPro package (37) was used for data collection and integration.
Results and Discussion
The XRPD powder diffraction is a valuable technique for studying paper samples, because it reveals crystalline and semicrystalline materials and hence can be investigated both the inorganic formulation and the polymeric matrix that can constitute the raw materials.
Paper is generally composed of a polymeric matrix of cellulose, often added of a variety of crystalline inorganic fillers to confer the desired physical-mechanical properties. Cellulose consists of unbranched b(1?4)D-glucopyranosyl units and exists in different polymorphs, indicated with I, II, III, and IV, corresponding to the location of hydrogen bonds between and within strands (38, 39) . Cellulose I is the naturally occurring phase of cellulose existing in two crystal forms, triclinic I a and monoclinic I b . Cellulose II can be obtained from cellulose I and cellulose III and IV from I or II, by different chemical and mechanical treatments. Cellulose chains have a strong tendency to aggregate to highly ordered structural entities; nevertheless, the crystalline lattice does not extend to the whole sample due to thermodynamical constraints. Using the traditional two-phase model, cellulose can be described as a semicrystalline polymer consisting of highly ordered (crystalline) and disordered (amorphous) mixed regions (23, 40, 41) . Therefore, the paper XRPD pattern is the result of overlapping of rather sharp and strong Bragg reflections and broader and less clearly refined features and is composed principally of cellulose I, with eventual some amount of cellulose II due to a chemical or mechanical treatment during manufacturing. Cellulose I yields characteristic broad peaks at 14.8°, 16.2°, and 22.7°2h values (23), but a further peak around 20.5°2h value is also reported (38) . For Cellulose II, a main broad peak appears as a doublet around 20.0°and 21.8°and a secondary peak appears at 12.1°2h value (23, 42) . The cheaper paper is based on cellulose obtained from wood pulp and generally contains the calcite as filler; the high-quality papers instead are composed of cellulose obtained from cotton fibers and the more expensive filler titanium dioxide. In Fig. 2 , the XRPD patterns of a piece of tissue composed by cotton fibers and of the commercial photocopy paper as an example are reported. The XRPD pattern of calcite is also reported for comparison. In the cotton tissue XRPD pattern, the peaks at 2h values of 14.8°, 16.3°, 20.6°, 22.7°, and 34.6°are present, and they are attributable to cellulose I; in the photocopy paper XRPD pattern, the same peaks of cellulose I are present, but due to the lower crystallinity, they are less defined and have lower intensity, and in particular, the 14.8°and 16.3°peaks are fused in a broad band. Moreover as expected in the photocopy paper pattern, many narrow peaks are also present, attributable to the calcite (space group), the most common filler inserted in the low-cost office paper. Figure 3 shows the six different areas of both real and counterfeit banknotes that have been considered for the XRPD measurements, selected on the basis of their presumed different crystalline composition being on some security features. XRPD was applied focusing on one hand on the cellulose matrix and on the other hand on the inorganic additives.
Corner
The XRPD patterns of the white corner area for banknotes of groups I, II, and III are shown in Fig. 4 . In the white corner of each banknote, no other materials are evidenced except the paper. As expected (43) in the XRPD patterns of all real banknotes investigated, the relative signals of the cotton-based cellulose I were found, with the narrow peaks of the filler titanium dioxide superimposed. Surprisingly, although the compliance with the same criteria for composition and treatments of materials for the production of euro banknotes is expected by all the European Union printer countries, three different types of XRPD patterns have been observed for the real banknotes paper. The main difference between the three groups are due to the phase of the titanium dioxide: only rutile (group I: NE1, NE2, NE3, SP1, IR1, FI1, IT1, SK1, PO1, and PO2), only anatase (group II: FR1, FR2, FR3, AU1, GE1, GE2, and GE3), or both (group III: SL1, SL2, SL3, and MA1). Evidently, the common quality management system, required by the European Central Bank to ensure a uniform standard for all euro banknotes (44), does not include the uniformity and homogeneity of banknote paper and does not contemplate the possibility of different crystalline polymorphs of the TiO 2 , probably because the majority of techniques used to analyze banknotes are not able to distinguish between them. It is also noticeable that while banknotes coming from the same emission country show the same XRPD pattern type, those printed from the same printer for different countries do not: in fact, banknotes printed by Johan Ensched e en Zonen (printer code G) show pattern of type I for the Netherlands and Slovakia emission countries (NE1, NE2, NE3, FI1, and SK1), and of type III for Slovenia and Malta emission countries (SL1, SL2, SL3, and MA1). Evidently, the printer uses different raw materials for different emission countries.
Differences are also observed for real banknotes of the same group if the relative intensities of peaks attributable to cellulose, anatase, and/or rutile of different banknotes are compared. In Table 2 , the ratios between intensity of the more intense peaks for each component of the paper in the white corner of the real banknotes considered in this work are reported, at 2h = 22.7°for cellulose (I cel ), 2h = 25.26°for anatase (I anat ), and 2h = 27.4°f or rutile (I rut ). Considering the group I, I cel /I rut values ranging between 1.5 and 2.9 are obtained, while for group III, the same values range from 7.3 to 7.5. Furthermore, considering also the anatase peak intensity (I anat ) at 2h 25.4°, the values I cel /I anat range from 0.91 to 3.6 for group II and from 1.1 to 2.3 for group III. If the same analysis is repeated in different zones of the white lateral band of the same banknote, differences are also observed but the ratio values vary in a more narrow range: if the difference percentage is calculated as 100(v h À v l )/v l (where v h and v l are the higher and lower values of the I cel /I rut , I cel /I anat , and I anat /I rut ratios), values lower than 18% are obtained. This finding suggests that the above XRPD patterns' differences can be attributable both to different filler content and to a lesser extent to a nonuniformity of filler distribution. However, it must be remarked that they can also be due to errors in the determination of peak intensity due to uncertainty in the baseline correction.
Segal et al. (45) (46) (47) developed a method to estimate the crystallinity index (CI) from XRPD pattern of cellulose, using the following empirical equation:
where C expresses the apparent crystallinity (%), I cel is the intensity at the main peak (200) at 22.7°2h value of cellulose, and I am is the intensity due to the amorphous portion, evaluated as the minimum intensity in the valley at about 18°2h value. It must be highlighted that, compared to the different X-ray diffraction methods used to assess the cellulose crystalline fraction, this peak height method gives the highest X-ray crystallinity values. Therefore, this method should not be used to estimate the absolute amount of crystalline and noncrystalline fraction in a cellulose sample, but it is useful to compare the relative crystallinity differences among samples. For real banknotes, the crystallinity index values calculated are about 80% (AE2) and do not differ significantly from this value, not even for different groups.
The sixteen counterfeit banknotes show in the corner a different XRPD pattern with respect to the real ones, in particular for the presence of wood pulp-based cellulose I. As the additive part of the pattern is concerned, two pattern profiles were observed, one for group C-1 (C-IR1, C-IR2, C-LU1, C-LU1, C-IT1, C-IT2, C-IT9, C-IT11, C-IT12) and the second for group C-2 (C-IT3, C-IT4, C-IT5, C-IT6, C-IT7, C-IT8, C-IT10). In Fig. 5 , the patterns of the C-IR1 and C-IT3 banknotes, representative, respectively, of groups C-1 and C-2 are reported. Figure 5 shows that calcite, the typical filler used in the cheaper paper, is the main inorganic additive, but surprisingly, also a significant quantity of titanium dioxide is present, precisely only rutile for samples of group C-2 and both rutile and anatase for the C-1 group. Even if the characterization of different types of paper is not one of the aims of this paper, we have analyzed some samples of paper used for common or specific purposes (notebook, copy and printer, graph, rice, technical drawings, tracing paper, watercolor, vellum paper-see supplementary material) and titanium dioxide has not been detected in any of these cases. Also Causin et al. (23) who have analyzed paper of different brands did not reported about TiO 2 presence. This leads to the conclusion that the counterfeiters do not use simply cheaper paper, but a more expensive one, probably to better simulate the typical texture and sound of the real banknote paper and to enhance their endurance to wear.
In Table 3 , the cellulose crystalline index and the ratios between the more intense peaks of each additive, I cell , I rut , I anat , and I cal (2h = 29.4°for calcite) are reported for all the counterfeit banknotes. In addition, contrary to real banknotes, the crystallinity index values range widely from 66% to 76%. As the fillers are concerned, the ratio values reported in Table 3 indicate that calcite, anatase, and rutile are added with very different amounts to the cellulose: in fact, I cal /I rut values range between 3.1 and 9.7 and I cal /I anat values range between 10,7 and 26.8. Different values are also observed in the ratios between peak intensity of cellulose with respect to fillers. Thus, all the samples can be distinguished considering crystalline index and/or the ratios of the peak intensity attributable to cellulose and fillers.
In Table 4 , the I cal /I rut , I cel /I cal , and I cel /I rut values obtained from different feature zones for the counterfeit C-IT3 banknote are also reported, as an example. As for real banknotes, differences in the intensity ratios of peaks attributable to fillers are observed if different zones of the same sample are analyzed, but they are very low with respect to the great variations showed in Table 3 for different counterfeit banknotes. Even in this case, these differences can be attributed fillers' distribution both to irregular fillers' distribution and (at least partially) to errors in the determination of peaks intensity due to uncertainty in the baseline correction.
The possibility to collect bidimensional powder patterns with the CCD detector allows evaluating the homogeneity of crystals dimensions of the fillers powders. In fact, if a powder is well grinded, all crystals in the powder have similar dimensions of about few microns and the intensity of each diffraction circle results homogeneous; on the other hand, a not well-grinded powder shows diffraction circles with many spots and holes. In Fig. 6 , the diffraction images collected for the counterfeit C-IR1 and the real NE1 banknotes as example are reported, where it can be clearly observed that in fake banknotes, the fillers are not well grinded, on the contrary to the real ones.
In Table 5 , the intensity values of the most intense peak of calcite at 2h = 29.37°, obtained integrating wedges of the same bidimensional powder image at interval of radial angles of 20°, 40°, and 90°, for the corner of one counterfeit banknote are reported (C-IR1). In the 20°interval patterns, the difference in intensity between the higher and the lower value is more than 100% with respect to the medium value of the peak intensity; integrating at 40°intervals, the same difference reduces to ca 58% and at 100°, it drops to ca. 12%. This behavior demonstrates the goodness of the pattern's reproducibility also in the case of not grinded materials, due to the method of integration in the whole diffraction circles. Table 6 reports the intensity values of the 27.4°rutile's peak, obtained integrating wedges of the same bidimensional powder image at interval of radial angles of 20°for the corner of one real banknote (FR1). Being that the dimensions of the rutile crystals in the real banknotes are very small (estimable below 60 lm) and more uniform, the difference in intensity of this peak is very limited (14%) already at 20°of radial angles.
Glossy Stripe
In Fig. 7 , the XRPD patterns collected in the glossy stripe area of real banknotes are reported. The patterns are similar to those of paper (see Fig. 4 ), except for the fact that only two XRPD pattern type are present, one for the group I and the second for the groups II and III. In both patterns, an additional peak is present at 2h value of 19.7°that signifies the presence of a   FIG. 5-- The two typical XRPD patterns found in the corner of the two counterfeit banknotes C-IR1 of group C-1 and C-IT3 of group C-2.
further unidentified crystalline material. Furthermore, there is an added few quantity of rutile with respect to the paper that make equal the patterns of groups II and III.
In Fig. 8 , the XRPD patterns collected in different feature zones for the counterfeit C-IT3 banknote as an example are shown. In fake banknotes, the glossy stripe shows exactly the same pattern of paper and thus, we can conclude that this security feature is simulated simply with printing.
Kinegram
The kinegram of real banknotes is made of special plastic material glued on the paper: for groups I and II, the kinegram XRPD patterns coincide with those of the paper, while for group III, the pattern shows some narrow peaks, due to a little quantity of an unidentified crystalline material (Fig. 9) . This crystalline material can be a further crystalline component of kinegram stripe or of the glue utilized to attach the kinegram stripe.
Regarding fake banknotes, often the forgers simulate the kinegram with the aluminum paper for food conservation; in the fake banknotes analyzed in this paper instead no aluminum pattern was observed in this area but only the pattern corresponding to the paper, and thus also in this area, no significant features were observed (Fig. 8) . 
Security Thread
The security thread of real banknotes is a thin thread of a plastic material with additional additives, to confer the desired physical property. A high background, due to low-crystalline materials present in the thread, characterizes the XRPD pattern in this area (Fig. 10) . However, many narrow peaks due to a crystalline material are well evidenced in all patterns and were identified as Fe 3 O 4 , a typical pigment used to give a black color to the plastic materials. Because the security thread is inserted inside the paper, the signals of the paper are present also; however, there are only few differences in the patterns between the three groups, probably caused by the high background that covers the most of the signals.
Regarding counterfeit banknotes patterns, as in the other cases, in this area, no special features were observed (Fig. 8) and the corresponding pattern of the paper was registered, evidencing that also in this case, the security feature is simply printed.
Intaglio Print and Flag
In Fig. 11 , the patterns of the flag and intaglio print zones, compared to the corner area, for the real banknote IT1 as example are reported. Apart from the paper pattern, there are some additional peaks: for the intaglio print, the only additional peak present coincide with the more intense peak of calcite, while for the flag, the four peaks evidenced in the figure correspond with the Fe 3 O 4 crystalline compound found also in the security thread (see Fig. 10 ).
In the counterfeit banknotes, as in the previous areas, the intaglio print and the flag areas show the pattern of the corner, being therefore those security features simply printed on the paper (Fig. 8) .
Conclusions
X-ray diffraction was revealed an interesting nondestructive technique to quickly analyze paper samples of real and counterfeit banknotes, especially with the new-generation, single-crystal X-ray diffractometers that permit to collect reproducible XRPD patterns in small areas of paper. The analysis of real banknotes shows, as expected, cellulose based on cotton fibers and titanium dioxide as inorganic filler. However, in real banknotes, three different types of XRPD patterns have been observed evidencing the presence of only rutile, only anatase, or both. It is also interesting to note that while real notes coming from the same emission country show the same XRPD pattern type, those printed by the same printer for different countries contain different phases of titanium dioxide, indicating for the same printer the use of different raw materials for different emission countries. This finding suggests that TiO 2 phase type is not specifically considered by the composition and treatments of raw material protocol required by the European Union, probably because most of the techniques utilized to analyze the banknotes are not able to distinguish the polymorphs. This result should be examined in depth, considering a large number of real notes coming from different countries, printers, and batches, to define a standardization for the TiO 2 crystalline polymorph in the formulation of the real banknotes. This is particularly important considering the fact that also in the counterfeit banknotes, a significant amount of titanium dioxide was found in the paper.
The paper of all counterfeit banknotes analyzed in this work is composed of cellulose based on wood pulp. Moreover, different fillers have been detected, among which the titanium dioxide that is not normally present in commercial common papers. Thus, counterfeiters use higher quality paper than commonly in circulation. Moreover, the results obtained in this work suggest that the observed differences of the apparent crystalline index and intensity ratios of peaks attributable to fillers can be used as an additional tool to differentiate and discriminate paper samples used for counterfeit banknotes and to help investigations about paper provenience.
A higher number of samples must be analyzed to have a statistically significant data. However, the above results suggest the possibility to differentiate and discriminate paper samples used for counterfeit banknotes on the basis of XRPD data that reflect the nature of raw materials and processing parameters adopted in its manufacturing, furnishing additional results useful to trace back paper suppliers for forensic purpose.
